In order to explore a set of methods to analyze the structure of Lift-Drag Combined-Type Vertical Axis Wind Turbine (LD-VAWT), a small LD-VAWT was designed according to the corresponding Standards and General Design Requirements for small vertical axis wind turbines. The finite element method was used to calculate and analyze the static mechanical properties and modalities of main parts of a kind of small-scale LD-VAWT. The contours of corresponding stress and displacement were obtained, and first six-order mode vibration profiles of main parts were also obtained. The results show that the main structure parts of LD-VAWT meet the design requirements in the working condition of the rated speed. Furthermore, the resonances of all main parts did not occur during operation in the simulations. The prototype LD-VAWT was made based on the analysis and simulation results in this study and operated steadily. The methods used in this study can be used as a reference for the static mechanical properties and modal analysis of vertical axis wind turbine.
Introduction
The vertical axis wind turbine (VAWT) has a simple structure and does not need special device to catch the wind. In addition, it is environmentally friendly; therefore, it has a rapid development in recent years. Among them, the Straight-Bladed Vertical Axis Wind Turbine (SB-VAWT) has been studied more deeply due to better power characteristics and higher transfer efficiency of wind energy. However, the starting characteristic is not well, which is one of the important factors restricting the development of SB-VAWT [1] . Therefore, improving the starting characteristics of SB-VAWT has become the research focus for many scholars [2] . Tang Jing et al. [3] have installed wind hood at the top and bottom of the SB-VAWT to increase the flow speed which can improve the start-up performance of wind turbine; Wu Zhicheng et al. [4] have changed symmetric wind rotor into eccentric wind rotor in order to improve the starting torque of the wind turbine. The theoretical calculations and model tests for the aerodynamic characteristics are numerous; however, the analysis of static and dynamic mechanical properties of wind turbine structure for designing prototype is little. M. SaqibHameed et al. [5] have shown that larger centrifugal load mainly causes bending deformation of blade and used finite element method to compare the mechanical properties of blades made in aluminum and glass fibre reinforced plastic (FRP). The results show that FRP is more suitable to blade material; Lin Wang [6] has used the finite element analysis and genetic algorithm to optimize the structure and weight of blade in the requirement of strength; Zhang Tingting et al. [7] have analyzed the dynamics of the main axis of Darrieus wind turbine, calculated the range of wind speed which can avoid resonance, and obtained the optimal thickness of tube wall of main axis; Wang Jianyu [8] has analyzed the influence of blade shedding vortex on the dynamics of tower and main axis. The research shows that shedding vortex can induce 2 International Journal of Rotating Machinery resonance; Nidal H. Abu-Hamdeh [9] used ANSYS to model the majority of the structural components of a collapsible vertical axis wind turbine, and data from the mathematical models were used to verify the structure of the turbine and shafts were within acceptable stress and strain limits, the result of the experiments verified the mathematical simulation analysis; Yu Tang [10] used ANSYS Workbench static and modal analysis module to make load analysis of wind turbine internal maintenance lifting platform and obtained the maximum stress of platform bridge structure and place and form of deformation; E. Verkinderen [11] analyzed the coupled structure through a multidegree of freedom system, as well as numerically through the finite element (FE) method of H-Darrieus vertical axis wind turbines; Zheng Li [12] presented a method to simulate wind turbine gearbox system with the multibody drivetrain dynamic analysis software, and the modal analysis of wind turbine gearbox can be carried out on the basis of the multibody dynamic theory. The above researches are only focused on the analysis of common vertical axis wind turbine. However the analysis on the structure of LD-VAWT is little and it does not build a perfect set of designing plan and methods yet. Therefore, this paper will search on the static and dynamic mechanical properties of structure based on a small-scale lift-type vertical axis wind turbine [13] [14] [15] [16] [17] [18] [19] [20] [21] and propose a set of suitable research plans and methods as references to other kinds of LD-VAWTs and vertical axis wind turbines.
Design of Wind Turbine

Wind Turbine Model.
The model of LD-VAWT designed is shown in Figure 1 , and the basic structural parameters are shown in Table 1 . stiffened by two ribs, which can reduce the weight of blade.
Structure Design of Wind
The main blade is shown in Figure 2 . The shape of drag rotor is a semicylindrical surface with thin wall thickness. In order to reduce the weight in the premise of strength requirement, the aluminum alloy material is selected. The thickness of aluminum plate is 3 mm. The structure of drag rotor is shown in Figure 3 .
In Figure 1 the beams support the main blades and transmit the torque generated by blade to the main axis. In order to enhance bending strength, the square steel is selected as structure of beam. The material of square steel is Q235. The size of cross section is 60 × 60 mm and thickness of wall is 3 mm.
(2) Nacelle: The nacelle consists of alternator, electromagnetic brake, main axis, and support bars as shown in Figure 4 . The alternator is disc-type permanent magnet synchronous generator. The dynamic friction torque of brake is 400 N⋅m.
The main axis in the nacelle is an important part in designing process. The diameter of axis is designed based on the analog method and empirical method. The minimum diameter of main axis is 40 mm and a pair of angular contact ball bearings with model number 7214 is used.
(3) Tower: The role of the tower is to support and fix the wind rotor and nacelle. The material of tower is Q235, the structure is shown in Figure 1 , and the configuration parameters are shown in Table 2 .
Static Mechanical Property Analysis Structure
Main Blade.
The loads of main blade during operation mainly include self-gravity L , centrifugal force load rL caused by the rotation, and aerodynamic load pL from wind. According to theoretical calculation, the self-gravity L is 312 N, the centrifugal force rL is 6843 N, and the wind load pL is 95.6 N. The static mechanical property of main blade is analyzed by finite element method (FEM). The tetrahedral element is selected as mesh type of main blade and the element type is Solid186. Finally, the finite element model of blade has 616368 elements and 212397 nodes. The material of main blade is FRP and the material properties are shown in Table 3 .
In order to simulate the connected relation between main blade and beam, a fixed constraint is added at the connection point. Then the wind load is applied on the windward surface of main blade by pressure, the main blade weight is calculated by mass, and gravity acceleration and the centrifugal force are calculated by the rotational inertia load. The loads above are applied on the model of main blade. Finally, the contours of stress and displacement under the rated operation conditions can be obtained as shown in Figures 5 and 6 .
From Figure 5 , the maximum stress of blade is 45.4 MPa which appears at the connection between main blade and beam. The limited stress of FRP is 320 MPa and the safety factor is 1.5 in this design. Then the ultimate allowable tensile stress of FRP is 213 MPa. According to simulation results, the structural strength of main blade meets design requirements [22] . From Figure 6 , the maximum node displacement of main blade appears at the tip of the blade and the value is 15.1 mm, which is larger than the deformation of middle part. It shows that the deformation has less influence on the dynamic characteristics of the wind turbine, which means the structure meets the design requirements [23, 24] . 
Drag Rotor.
The calculating method of mechanical property of drag rotor is the same as main blade. The self-gravity D is 210 N, the centrifugal force rD is 1381.75 N, and the wind load pD is 56.77 N.
The solid 185 element is used to mesh and the number of elements and nodes are 457865 and 6956782, respectively. The material of drag rotor is aluminum alloy and the material properties are shown in Table 4 .
In the analysis process, the nodes on the upside surface and downside surface of drag rotor are restrained. After calculation, the contours of stress and displacement under the rated condition are obtained as shown in Figures 7 and  8 , respectively.
From Figure 7 , the maximum stress of drag rotor is 161.4 MPa which is lower than the limit stress of aluminum alloy. Figure 8 shows that the drag rotor has a little displacement, which satisfies the design requirements.
Beam.
The maximum load of beam happens at the rated speed 100 r/min of wind rotor. Therefore, analyses of the stress and deformation of beam are processed under the rated speed condition. Force and torque can be calculated as shown in Table 5 . The material of beam is Q235-A (16Mn) and the properties are shown in Table 6 .
International Journal of Rotating Machinery 5 From Figure 9 , the maximum stress is 89 MPa, which appears at the end of connection position between beam and main axis. Therefore the junction should be strengthened. From Figure 10 , the maximum displacement happens at the tip of beam where the lift and drag force is fixed and the maximum deformation is 2.4 mm. The strength of beam needs to meet the checking formula (1) Figure 10 : Displacement variation contour of beam. 
where max is the maximum displacement of beam, 2.4 mm, l is the length of beam, 2 m, and [ max /l] is the allowable deflection of simply supported beam, l /500. After calculating, max / = 1.2× 10 −3 m < [ max / ]/ = 2.6× 10 −3 m, the stiffness of beam under the rated speed meets the design requirements.
Main Axis.
The main axis is mainly subjected to gravity load, centrifugal load, and aerodynamic load. The values of loads are shown in Table 7 .
In the static mechanical analysis of main axis, tetrahedral element is used to mesh grids. The numbers of elements and nodes are 87536 and 159853, respectively. The material of main axis is 40Cr, and the properties are shown in Table 8 . According to the assembly relation, the end of main axis connected with generator is constrained. The self-gravity load of main axis is applied with gravity acceleration, the gravity of wind rotor is applied at mounting position of flange, and the torque of wind rotor is also applied at mounting position of flange. The simulation results are shown in Figures 11 and  12 ,respectively.
From Figure 11 , the maximum stress of main axis is 26.3 MPa which is at the connection position between beam and main axis. From Figure 12 , the maximum displacement is at the top of main axis which is 0.27 mm.
According to formula (1), maximum stress of main axis max is 26.3 MPa, limit stress [ ] is 980 MPa, and safety factor is 3. The maximum stress max is lower than allowable stress. Similarly the stiffness of main axis needs to meet the stiffness checking formula as follows:
where max is the maximum deformation of main axis and l is the length of main axis, 3400 mm. The calculation result shows that the maximum deformation of main axis is 0.27 mm.
Tower.
The tower is mainly subjected to horizontal thrust of the wind rotor, the gravity of wind rotor and nacelle, selfgravity, the torque of wind rotor, and the wind pressure acting on the tower. The values of loads distributing on the tower are shown in Table 9 .
The material of tower is Q235 and the solid 185 is selected as element type. The numbers of elements and nodes are 15696 and 30864, respectively.
The bottom of tower is constrained. The above loads are applied on the model of tower and the contours of stress and deformation of tower are shown in Figures 13 and 14 , respectively.
From Figure 13 , the maximum stress of tower is 29.5 MPa which appears at the bottom of tower. From Figure 14 , the maximum deformation of tower is 5.3 mm. According to the engineering experience of tower designing [25] , the maximum deformation of tower should be less than 0.5∼ 0.8% of its height for tower. The limit stress of Q235 is Figure 14 : Total deformation contour of tower. 156.7 MPa which is higher than the maximum stress 29.5 MPa in Figure 14 .
Modal Analysis
When the wind turbine works in natural environment, the load is complex and changeable. The power of air, inertia force, and elasticity force applied on the blades of wind turbine can make blade and tower deform and oscillate. If the frequency of exciting force approaches the natural frequency of the structure, the resonance may lead to damage of wind turbine. In order to avoid resonance, the natural frequency of wind turbine should be different from the one of wild exciting force. Therefore, the modal analysis should be carried out during the structural design of wind turbine.
Main Blade.
The model of main blade used in the modal analysis is the same as statistic analysis. The low-order mode of main blade has a great influence on stability and fatigue of blade, and the first six-order modes and the natural frequencies are calculated which are shown in Table 10 . The vibration modes are shown in Figure 15 . From Figure 15 , the frequency of first order is 18.0535Hz and the first-order critical rotational speed of main blade is calculated as following formula:
The first-order critical rotational speed 0 is 1083 r/min, which is higher than rotational speed of main blade. It means that the resonance of main blade will not occur during operation.
Drag Rotor.
The model of drag rotor used in the modal analysis is the same as the static analysis. Similarly the frequencies of first six-order modes are shown in Table 11 and the vibration modes are shown in Figure 16 . From Figure 16 , the natural frequency of first-order is 50.2653Hz, and the first critical rotational speed of drag rotor calculated by the formula (4) is 3016 r/min. The rotational speed of drag rotor is far lower than the critical rotational speed, which means that the resonance of blade will not occur during the operation.
Main Axis.
The main axis is one of the important parts of wind rotor and nacelle, which not only needs to check the strength and stiffness but also avoid resonance phenomenon. Therefore, based on the model of static mechanical property analysis, the natural frequencies of first six-order modes of main axis are shown in Table 12 and the vibration mode of main axis are shown in Figure 17 .
From Figure 17 , the frequency of first-order mode is 8.35907 Hz. When the wind rotor works at the rotational speed 100 r/min, the exciting frequency subjected by main axis from wind rotor is 1.667 Hz. However, the natural frequency of first-order is 8.35907 Hz and it is higher than (f) Sixth-order mode vibration profile Figure 15 : The first six-order mode vibration profile of main blade.
the work frequency, which means that the resonance will not occur during the operation.
Tower.
Similarly the FEM model of tower in the modal analysis is the same as the static mechanical property analysis and the contact surfaces between tower and ground are constrained. The natural frequencies of first six-order mode of tower are shown in Table 13 , and the vibration modes of tower are shown in Figure 18 . From Figure 18 , the frequency of first-order mode is 15.2166 Hz. According to what has been mentioned previously the frequency 1 of wind rotor under the rated speed is (f) Sixth-order mode vibration profile Figure 16 : The first six-order mode vibration profile of drag rotor. (f) Sixth-order mode vibration profile Figure 17 : The first six-order mode vibration profile of main axis.
1.67 Hz. The wind rotor has three blades; therefore the passage frequency 2 of the main blades is 5.01 Hz. According to the engineering experience [26] , the first-order frequency 01 of tower must be higher than the passage frequency 2 of the blade and meet the formula:
The calculated results meet above conditions, which means that the excitation of wind rotor will not cause the tower to resonate. (f) Sixth-order mode vibration profile Figure 18 : The first six-order mode vibration profile of tower.
Prototype of LD-VAWT
that the design of wind turbine structure is reasonable. A prototype of LD-VAWT was designed and made. It was tested in a farm of Northeast Agricultural University of China which is shown in Figure 19 . Based on the observation of its operation situation for a period of time, the wind turbine can work safely and stably according to the design goal, which shows that the design scheme is practicable and proves that the ideas and methods for LD-VAWT are correct. The paper provides references to analyze the structure of the LD-VAWT.
Conclusions
In order to explore a set of methods about designing and analyzing the structure of LD-VAWT, the paper took a small-scale LD-VAWT as an example and analyzes the static mechanical property and modal analysis by finite element method; the conclusions are as follows.
The corresponding contours of stress and deformation were obtained by using ANSYS to analyze the static mechanical property of main parts of wind turbine, which concludes that the structure of wind turbine meets the design requirements.
The first six-order mode vibration profiles of main parts were also obtained based on the modal analysis, which concludes that the resonance of each main part will not resonant during the operation.
The prototype LD-VAWT was made based on the analysis and simulation results in this study and operated steadily. The methods used in this study can be used as a reference for the static mechanical properties and modal analysis of vertical axis wind turbine.
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